Ferromagnetic grains in airborne dust are important indicators of vehicle traffic, some industrial sources and combustion/heating. Settled dust consists mainly of diamagnetic material, therefore accessory ferromagnetic grains are readily indicated from magnetic measurements. In this paper settled dust samples collected on a monthly basis in the years 2008-2011 were studied. Non-destructive magnetic measurements were followed by geochemical and mineralogical analyses. In selected samples we identified airborne anthropogenic materials (e.g. silicate and magnetite spherules), minerals from the natural environment and organic material. Seasonally appearing materials (e.g. soot in winter, plant fragments, pollens in summer) increased the mass of the settled dust, but not the magnetic susceptibility. Thus, we realized that the generally interpreted mass susceptibility in environmental magnetic studies would not always appropriately characterize the magnetic pollution. In the interpretation we gave preference to total susceptibility because of its direct connection to the pollution, except in comparison with metal concentrations.
sampling sites. Cd, which is enriched in all samples, does not correlate with the magnetic susceptibility.
Introduction
Before the installation of a network of PM10 air quality monitoring sampling sites, settled dust was collected on a monthly basis at large number of points in Hungary. The sampling sites were operated by different environmental inspectorates, according to the MSZ EN21454-1:1983 Hungarian standard. The inspectorates were primarily interested to gain information about the monthly and geographic distribution of the mass of the settled dust.
However, three of the inspectorates, the North Hungarian, the North Transdanubian and the Central Transdanubian handed over the systematically collected samples for scientific investigations to the Paleomagnetic Laboratory of the present Hungarian Geological and Geophysical Institute, where the magnetic susceptibility of all samples from 34 sampling sites (total of 1081 samples) were measured first (Fig.1) . Apart from the total susceptibility of the settled dust, mass susceptibility was also determined. Based on the value of the total magnetic susceptibility, which has a direct relation to anthropogenic sources in most environments, three sampling sites were selected for more detailed studies. These were Sopron (Fig.1, G9 ), where the main source of magnetic pollution must be vehicle traffic, Lábatlan (Fig. 1, G6) , with a cement and a ferro-concrete factory, and Mosonmagyaróvár ( Fig.1, G7 ), where vehicle traffic as well as a reservoir of red mud can contribute to air pollution.
From each of these sampling sites, samples collected during 2008 (total of 36 samples)
were studied for their mineralogical and chemical composition. Moreover, special magnetic experiments were preformed on selected samples. The total and mass susceptibilities determined for each month from the key sampling sites as well as from 16 other sampling sites, with three or four years records of settled dust, were analyzed and compared with the respective masses of the settled dust, followed by a similar analysis of monthly averages for different years. As a next step, an overall average was calculated from the monthly averages for different years for all sampling sites from two inspectorates, since the records of the North Hungarian inspectorate were short and discontinuous. The results of the different laboratory investigations and the analysis of the long-term monitoring of settled dust and its magnetic susceptibility at different sampling sites will be presented in this paper.
Our main goal was to compare monitoring stations from the viewpoint of dust amount and magnetic pollution, identify and compare general trends in the monthly distribution of the amount of settled dust and its magnetic susceptibility. We also aimed to estimate the contribution of the magnetite in the superparamagnetic (and close to superparamagentic) gain size range (mostly emitted by vehicles) to the magnetic pollution and supply information about the heavy metals which migrate with the magnetic pollutants and which originate from other sources.
Methods

Sampling
Settled dust samples were collected by the different Inspectorates according to the MSZ EN21454-1:1983 Hungarian standard. Here they expose a 200 cm 2 surface area bucket on 1.2 -1.5 m height for one calendar month. The buckets contain 500 ml distilled water (0.5 g Nipagin-N was added during summer months as algaecide). The buckets are not covered, therefore they collect bulk deposition. The water -containing the settled dust -is filtered in the laboratory.
Magnetic measurements
Each sample was placed in a small plastic bag and the total susceptibility was measured with a KLY-2 Kappabridge of high sensitivity. The sample holder of the instrument, the filters and the plastic bags are diamagnetic (have negative susceptibilities).
Correction was made for their magnetic contribution to the total susceptibility. The correction comprised the susceptibility of the sample holder, measured before each run of the settled dust measurements, and the average susceptibilities of several filters and of several plastic bags.
Such correction is very precise, since the susceptibility of the sample holder may not be sufficiently constant, but there is little variation among filters as well as among the plastic bags. The next step was the calculation of mass susceptibility, using the mass of the sample on the filter supplied by the respective Inspectorate.
For each sampling site the total and separately the mass susceptibilities were plotted against the year and month they were representing, thus the variation of the magnetic pollution with time was possible to analyze. From the samples some with high magnetic signal were selected for special magnetic measurements. The experiments included stepwise isothermal remanent magnetization (IRM) of the sample in order to determine if the magnetic mineral was magnetically soft (most likely magnetite) or hard (e.g. hematite) and susceptibility measurements at different frequencies. The latter were made with a MFK1-FA multifunction instrument in Brno, in order to detect if tiny superparamagnetic grains (smaller than 0.03 µm for magnetite) contributed to the magnetic pollution. The advantage of the above described magnetic methods is that they are non-destructive and do not require the removal of the particles from the filter. Thus, after the magnetic measurements it is possible to proceed with geochemical and/or mineralogical analysis.
Mineralogical and geochemical analyses
Following the non-destructive magnetic measurements, all samples from three sampling sites (G6, G7, and G9) collected during 2008 were selected for mineralogical and chemical analyses. For the bulk mineralogical analysis, the dust samples were separated from the filters manually and they were analysed by a Philips 1710 X-ray diffractometer using the following sample preparation: 40 mg of the samples were suspended in ethanol and then they were deposited onto glass plates with an area of 12 cm 2 .
Three settled dust filters (samples collected at G9, G6 and G7 in June, 2011) were investigated with scanning electron microscope (SEM) combined with an energy dispersive xray spectrometry (EDX). The analyses were made on a JEOL JXA-8600 Superprobe electron microscope, equipped with an E2V Scientific silicon drift detector (SDD). 15 kV acceleration voltage and 10 nA probe current were used for the investigations. Two sister specimens were prepared from each of the investigated filters, to be able to observe the different size fractions.
The larger particles were removed from the filter scraping them with a scalpel, and placed onto an adhesive carbon tape. The smaller grains were investigated in situ on the filter after complete removal of larger particles. For the SEM-EDX measurements conductive carbon coating was applied to all the samples.
For chemical analysis, all filters collected during 2008 at localities G9, G6 and G7
were treated together with the previously removed dust with dry ashing followed by lithiummetaborate digestion. First, filters with the dust were impregnated by 50% MgNO3 solution and dried at 50°C to reduce the chance of volatilization of the dust components during the digestion process. Then, the impregnated samples were incinerated at 500°C. 
Results and discussion of magnetic, geochemical and mineralogical analyses
Evaluation of the magnetic susceptibility measurements carried out on the settled dust samples collected during 2008 revealed a strange feature. There was an expressed minimum in the mass susceptibility for August at all sampling sites, which had no explanation in meteorological or other conditions. That is why the mineralogical composition of all samples from Sopron, Lábatlan and Mosonmagyaróvár were analyzed by XRD. We have found that in the settled dust the main components reflecting the geological environments are in the order of frequency: quartz (generally >50 wt%), feldspar (<20 wt%), dolomite (<20 wt%), mica (<5 wt%) and chlorite (<5 wt%). Calcite (<20 wt%) also appears in some samples from each site with highest frequency at Lábatlan, followed by Sopron and Mosonmagyaróvár. Swelling clay minerals (<5 wt%) are only present in some of the samples from Sopron and in a single sample from Lábatlan. These phases are all characteristic natural components of settled dusts (Farkas and Weiszburg 2006) . However, Zhao et al. (2010) found that some portion of silicates and carbonates could appear also in poorly crystallized forms in the urban settled dust suggesting anthropogenic origin. We did identify such materials in the form of silicate spherules at each sampling site (Fig. 2b ). In addition to the above phases, amorphous (probably organic) material was also present in the samples, generally below 5 wt%, but in certain samples from Lábatlan (site G6) their concentration was as high as 20 wt%. SEM analysis also showed the presence of a large amount of organic material in the samples, such as pollens plant debris etc. (Fig. 3) . In some samples from site G9 organic material appears partly in crystallized form, as shown by a characteristic X-ray peak at 2.85Ǻ. Apart from the above components, the samples collected in August at all sampling sites contain a large amount (around 50 wt%) of algaecide, which can be due to the evaporation of the water solution from the sampling pots. This finding explains the irrationally low values of the mass susceptibility in August. Both, the presence of the algaecide the changing amount of organic material and the varying amount of non magnetic natural minerals call attention to the risk involved in the mechanical use of either the mass of the "dust" or the mass susceptibility in characterizing the degree of air pollution.
The source of the magnetic susceptibility is thought to be mostly the presence of magnetite spherules of anthropogenic origin. Such spherules are common constituents of airborne particulate matter in urban environment and they may originate from combustion/heating, traffic and several industrial sources (Zajzon et al., 2013) . With the XRD method, trace amounts of spinell-structure phases (probably magnetite) were found in some samples from Sopron and Mosonmagyaróvár. The SEM method identified iron oxide spherules in some studied samples (Fig. 2a) . Special magnetic experiments confirm the presence of magnetite in the samples (Fig. 4) , which must be of larger grain sizes in the Lábatlan dust than in the other two samples, as the frequency dependence of the magnetic susceptibility is below or close to 2 % in the first and goes up to 8% in the two latter, which reflect an admixture of superparamagnetic (<30 nm) and coarser, non-superparamagnetic grains (Dearing, 1999) . Concentrations of Fe and further 11 trace elements were analyzed in the samples of year 2008 from the three key sampling sites (Table 2 ), where we found that their concentrations in these samples were slightly lower than those found in settled dust in Budapest (Márton et al., 2011) or in other Central European towns (e.g. Krolak, 2000) .
Compared to the natural geochemical background ( Relationship between metal concentrations and mass susceptibility was investigated by means of correlation coefficients. As As the metal concentration is greatly affected by different components appearing seasonally (algaecide, plant-derived materials), monthly metal deposition rates were also calculated ( Table 2) . Their maximum concentrations are only slightly higher than those found in Hungarian rural areas (Mészáros et al., 1993) , but much lower than found by Márton et al (2011) 
Results and interpretation of the magnetic observations
Starting in 2008, we have obtained samples containing the monthly collected settled dust at more than 30 sampling sites run by the Inspectorates mentioned in the introduction.
From these sampling sites we measured the magnetic susceptibility of a total of 1081 samples.
As the monitoring of the mass of settled dust became a voluntary activity for the inspectorates, they gradually reduced the number of sampling sites and finally abandoned all of them by the end of 2011. For this reason, some records of the monthly variation of the magnetic susceptibility are of short duration and will not be included in the general interpretation. Eventually, the results of magnetic susceptibility monitoring from 19 sampling sites will be evaluated from the viewpoint of general trends in the local and temporal variations of the total and mass susceptibility.
Lábatlan (G6) and Sopron (G9) sites are characterized by far the highest degree of magnetic pollution. Average total susceptibility for the Lábatlan samples is 44x10 -6 SI, for the Sopron samples 35x10 -6 SI. In the first case, industry, in the second heavy vehicle traffic can account for the emission of magnetic grains. At the other sampling sites, the total magnetic susceptibility does not exceed 17x10 -6 SI. When average total susceptibilities are plotted against the respective average mass of dust, poor correlation is obvious (Fig. 6 ). The explanation is partly the above discussed problem with the composition of the dust (presence of the algaecide, plant fragments, pollen etc), partly the different types of the pollution sources at different sampling sites. In Lábatlan, the dominance of the industrial sources is obvious, in Sopron the sampling site was located in the Csatkai street, directly affected by heavy vehicle traffic. In the majority of the other sampling sites, the pollution can be attributed to a combination of vehicle traffic and heating. These sampling sites are characterized by a relatively high mass of the dust, while the total susceptibilities are more or less independent of the mass (Fig. 6) . The general trends in the temporal variations of the total susceptibility were analyzed at different levels: first the records of one year, than the average of four years for the same sampling site and finally the average of four years for all sampling sites exhibiting common trends and belonging to the same Inspectorate were computed. There are some variations between the yearly records of the total susceptibility for the same sampling site, especially when a local and temporally variable source of magnetic pollution is suspected (Fig 7) . When the average susceptibilities for the same sampling site are computed, such occasionally and locally occurring extreme values are excluded.
The monthly variations of the 4-year average susceptibilities are likely to reflect the deposition of the anthropogenic magnetic grains coming from more or less stable sources emitting the pollutants and independent of short-term meteorological and other conditions.
The average susceptibility curves computed for the different sampling sites have common features, i.e. the monthly variation in the deposition of the magnetic material seems to be basically independent of the location of the collecting site and the source of pollution. On the other hand, the total susceptibility of the dust is definitely much higher in March or April than in January or February, the susceptibility drops in May and there is a gradual, but not monotonous decrease of it during the rest of the year (Fig. 8a) . The trend in the mass of the settled dust is similar to that of the total susceptibilities for the first five months of the year, suggesting a common source of the ferromagnetic and non-ferromagnetic material. The mass of the settled dust, however, exhibit even higher peaks in June and in August than in April (Fig. 8b) . The maxima in the settled dust accumulation after May can be the consequences of periodic accumulation of organic fragments, pollen etc, which have no connection with pollution sources emitting magnetic material. It is interesting to note, that between May and September, the mass susceptibilities and the mass of the dust exhibit an opposite trend, which suggests that the variations are due to the changing amount of non-magnetic components of the dust (Fig. 8c) . It is more difficult, however, to account for the maximum in the susceptibility curves and the first peak in the mass of the settled dust.
It is well known that Saharan dust appears in the air from time to time, not only in southern Europe (Sagnotti et al., 2006) Although the grain size of the Saharan dust is small, it is not impossible that in favourable circumstances it settles, thus can contribute to the mass of the settled dust. However, the Saharan dust is known for extremely low magnetic susceptibility (Sagnotti et al., 2006 , Lazaro et al., 2008 , thus can not account for the March-April maximum in both the mass and in the total susceptibility.
Another factor to be considered is the breaking up the asphalt during winter, since it contains basalt fragments with strongly magnetic minerals. Indeed the mass susceptibility or the asphalt fragments suggests that their disintegrated material must contribute to the ferromagnetic particles of the settled dust However, both the two-frequency susceptibility measurements and the decay of the IRM with time (Fig.4) document that ferromagnetic grains in or close to the superparamagnetic range are absent. Thus, their presence in the settled dust at most localities calls for an additional source of magnetic material.
Fine particles (less than 0.1µm ) easily transform into larger ones by coagulation primarily when the humidity of the air gets closer to the saturation. In contrast, when ambient relative humidity decreases condensed water will evaporate preventing the formation of aggregates (Rood et al., 1987) . Particles in the size range between 0.1-1 µm have the longest residence time in the air because they neither settle fast nor coagulate (Jeanicke, 1984) .According to Hayakawa (1964) coagulation process starts above 55% relative humidity, and the ratio of the coarse particles (> 1µm) continuously increases with the relative humidity of the air (Parameswaran and Vijayakumar, 1994) . The meteorological data measured by the Central Transdanubian Inspectorate show relative humidity of the air is throughout the year above 60% thus favouring the coagulation and settling of the fine particles. Relative humidity of the air is higher in winter than in other seasons, which results in the coagulation of fine particles and their fast deposition. The material settled during winter is relatively rich in magnetic material , shown by high mass susceptibilities (Fig. 8c) . The dust accumulated during winter may be easily re-suspended due to dry surface and windy conditions in spring resulting in a peak both in dust amount and total susceptibility (Fig 8 upper and middle diagrams). Later resuspended magnetite particles contribute less and less to the settled dust, since they are transported away by surface runoff and wind , as shown by the general decreasing trend of the total susceptibility (Fig. 8a) ..
Conclusions
Complex magnetic and mineralogical analysis on settled dust samples from 2008 reveals that the mass of the settled dust fails to characterize the degree of anthropogenic pollution. The reason is that summer samples may contain large quantities of natural organic material (like plant fragments, pollens etc) which contribute substantially to the mass of the dust. Moreover, the mass of the dust was also increased by the evaporation of algaecide in several August samples. For this reason, the degree of magnetic pollution of anthropogenic origin is better expressed by the total susceptibility, than by the mass susceptibility.
The long-term monitoring of the mass and the magnetic susceptibilities of monthly settled dust from 19 sampling sites from North and Central Transdanubia provided sufficient data to average out effects of local and short-term meteorological conditions on the deposition of the dust containing magnetic particles. We found that irrespective of the degree and source of magnetic pollution the general trend of the rates of dust deposition and the deposition of the magnetic grains was similar. At all sampling sites a significant maximum is observed in both the mass susceptibility and the mass of the dust around the third and fourth month of the year. This can be attributed to re-suspension of dust settled in winter. After April, the total susceptibility starts to decrease as the "winter dust" is gradually transported away. The mass of the settled dust, on the other hand, peaks also in June and in August. due to the contribution of algaecide and non-anthropogenic organic material.
Although there is a general and consistent trend at all sampling sites in the monthly variations of the mass of the settled dust and also in the total susceptibility, there are considerable differences in the values. Concerning the mass, the highest amounts were detected at monitoring points in Tamási Both are overall averages (all data from the respective sampling site) and normalized to the maximum overall average, which occurred at sites V8a and G6 for dust mass and total susceptibility, respectively. V2a, V2b) . Note that extreme high values were measured for both sampling sites in June 2010, when a roundabout was constructed in Dunaföldvár. Fig. 8 General tends in the monthly variation of the total magnetic susceptibility (8a), the mass of the settled dust (8b) and of the mass susceptibility (8c). Each curve is computed from all data from several collecting sites, which are normalized to the overall average of the magnetic susceptibility (Fig 8a) to the overall average of the mass of the settled dust (Fig 8b) and to the overall value of the mass susceptibility (Fig.8c ). 
